Background Prosthetic mesh implants are widely used in hernia surgery. To show long-term mesh-related complications such as shrinkage or adhesions, a precise visualization of meshes and their vicinity in vivo is important. By supplementing mesh fibers with ferro particles, magnetic resonance imaging (MRI) can help to delineate the mesh itself. This study aimed to demonstrate and quantify timedependent mesh shrinkage in vivo by MRI. Methods Polyvinylidenfluoride (PVDF) meshes with incorporated superparamagnetic iron oxides (SPIOs) were implanted as an abdominal wall replacement in 30 rats. On days 1, 7, 14, or 21, MRI was performed using a gradient echo sequence with repetition time (TR)/echo time (TE) of 50/4.6 and a flip angle of 20°. The length, width, and area of the device were measured on axial, coronal, and sagittal images, and geometric deformations were assessed by surgical explantation. Results In all cases, the meshes were visualized and their area estimated by measuring the length and width of the mesh. The MRI presented a mean area shrinkage in vivo of 13% on day 7, 23% on day 14, and 23% on day 21. Postmortem measurements differed statistically from MRI, with a mean area shrinkage of 23% on day 7, 28% on day 14, and 30% on day 21. Ex vivo measurements of shrinkage showed in vivo measurements to be overestimated approximately 8%. Delineation of the mesh helped to show folding or adhesions close to the intestine. Conclusion Loading of surgical meshes with SPIOs allows their precise visualization during MRI and guarantees an accurate in vivo assessment of their shrinkage. The authors' observation clearly indicates that shrinkage in vivo is remarkably less than that shown by illustrated explantation measurements. The use of MRI with such meshes could be a reliable technique for checking on proper operation of implanted meshes and showing related complications, obviating the need for exploratory open surgical revision.
demand surgical revision, with the removal or correction of the implanted device [5] [6] [7] [8] [9] . Furthermore, for up to 70% of patients with recurrent hernia, the surgeon must take into account that the previous treatment was performed with a mesh, which currently is somewhere in the abdominal wall [10, 11] and could complicate further treatment or lead to elaborate explantation.
As all conventional radiological methods fail in precise visualization of meshes, almost any reliable clinical information can be drawn without precise mesh delineation [6, [12] [13] [14] [15] [16] . Therefore, surgical exploration is the inevitable consequence. To overcome this problem, the integration of superparamagnetic iron oxides (SPIOs) into polymer-based implants combined with magnetic resonance imaging (MRI) has been proposed for delineation of these otherwise invisible implants [17] . Using this new approach, the mesh implant can be delineated as hypointense (dark) susceptibility artifacts against the hyperintense (bright) surrounding tissue, particularly the intraabdominal fat.
In this study, the new visible mesh was evaluated using MRI in an animal model. This evaluation aimed to assess mesh shrinkage in vivo and to compare the MRI measurements with explanted meshes as the gold standard.
Methods

Place of study
The study was performed at the Institute for Laboratory Animal Science (ILAS) of the University Hospital in Aachen (UK-Aachen, Germany).
Sampling
For the study, 30 male Sprague-Dawley rats weighing approximately 300 to 450 g at surgery were housed under conditions of constant light, temperature, and humidity. The animals received a complete diet of rat chow and water ad libitum throughout the entire study, which was performed according to the rules of the German Tierschutzgesetz, Sec. 8 Abs. 1, and in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH). The animals were divided into three groups according to three different observation periods. After 2 weeks of acclimatization time, the laboratory animals had gained an optimal weight.
Prosthetic material
Polyvinylidenfluoride (PVDF) was used as the base material of the prosthetic mesh. To provide MR contrast by induction of susceptible artifacts, this base material was dotted with SPIOs in a concentration of 10 mg/g, as previously described [17] . After extrusion of filaments with a diameter of 85 lm, visible meshes size 22 9 29 mm were assembled by FEG Textiltechnik (Aachen, Germany) (Fig. 1 ).
Surgical procedure
After balanced anesthesia with inhalation gas isoflurane and subcutaneous injection of Ketamin/Domitor suspension, the desired anesthetic depth was achieved. The anterior abdominal wall was shaved, disinfected with a polividione-iodine solution, and covered with sterile perforated sheets. After a midline incision 2 cm distal to the xiphoid, which served as the orientation point, a fullthickness defect about 2 9 3 cm in size was resected en bloc including the rectus muscle and the peritoneum.
The SPIO-loaded mesh was fixed as an abdominal wall replacement in a cranial-caudal direction. Continuous suture using prolene 5/0 facilitated mesh fixation without overlap between muscle and biomaterial, as shown in Fig. 2 . The meshes were fixed without wrinkles that could result in a loss of area. Skin closure was finally obtained by silk 3/0 continuous sutures (Multifil/Vicryl). Silver-aluminium aerosol was applied to protect against automutilation and to induce disinfection. No additional antibiotic treatment was given before, during, or after surgery.
Observation period
The moment of surgery was marked as day 0. The animals were allowed to recover after surgery in their boxes during the immediate postoperative time, to eat chow, and to drink ad libitum. All the rats underwent MR examinations at two dates. First, MRI examination was performed on day 1 postoperatively. Second, MRI was measured after 7, 14, or 21 days depending on the observation period-related group classification (see study group later). Throughout the entire observation period, all the animals were controlled objectively and subjected to daily clinical investigation for assessment of local and systemic complications. Dissection and explantation of implanted mesh took place immediately after the second MRI examination.
Study group
The 30 animals were divided into three groups (with 10 animals in each), according to the observation period (7, 14, or 21 days). After the second MRI examination, the rats were killed with an overdose of isoflurane gas, and the meshes were explanted immediately.
MRI
The rats with implanted meshes were examined by MRI with a 1.5-Tesla scanner (Achieve; Philips Healthcare, Best, The Netherlands) using a dedicated small animal micro surface coil (diameter, 47 mm). The animals were positioned headfirst, prone, and free-breathing. Conventional gradient echo sequences were acquired in transverse, sagittal, and coronal orientations. The sequence parameters were a repetition time (TR) of 50 ms, an echo time (TE) of 4.6 ms, and a flip angle of 20°. During detection of the abdominal wall, the rats were under anesthesia to prevent moving and resultant artifacts. The average MR scanning time was 45 min.
MRI analysis
To identify shrinkage of implanted mesh by MRI and to facilitate comparison of these results with the explantation data, we measured in transverse, sagittal, and coronal orientations. The maximal diameters (length and width) of the meshes on the MRI were measured using a DICOMViewer program for MacOS X (Osirix Imaging Software, Osirix v.3.8.1; 32 Bit Medical Systems, Los Angeles, CA, USA). The measurement technique using this software compared with conventional ex vivo measurement procedures, as illustrated in Fig. 3 . The DICOM-Viewer program requires a tool for tracing a line precisely over the utmost distension of implanted mesh. To find the maximal distension, it is necessary to measure all slices of MRI, with consideration of precise anterior and posterior views. To achieve our aim of measuring the largest extent of the implanted mesh, it was necessary to measure several times at different locations to obtain a mean value of the data. The geometric accuracy of all the measurements was important to avoid inaccuracies. The area was estimated by multiplication of length and width. Wrinkles and other geometric deformations were included in the loss of area. Tracing precisely over the contour of mesh wrinkles was not favored, so only the covering area of the mesh was measured.
Explantation technique
After the animals had been killed with isoflurane in a chamber on the predetermined dates after MRI detection, they were dissected, and wide depiction of the anterior abdominal aponeurosis was used as shown in Fig. 4 to measure the dimensions of the vertical (length) and horizontal (width) edges of the meshes.
Statistical analysis
Data were collected in a database, and statistical analysis was performed using the Statistical Package for Social Science (SPSS Inc., Chicago, IL, USA) for Windows. All data were presented as mean, minimum, and maximum values. All MRI-measured mesh dimensions were compared with mesh dimensions after explantation using a Pearson correlation coefficient. The statistically significant difference in shrinkage between the two methods was determined using a Wilcoxon matched-pairs, signed-rank test. Statistical significance was considered at p values less than 0.05.
Results
After repair of full-thickness wall defect with a mesh, 27 of the 30 rats developed favorably during the postoperative period. Two rats in group 3 died during the first MR detection, likely due to an overdose of anesthesia. One rat in group 1 was terminated because of automutilation after surgery. No mesh-related infections were observed in any case. Bowel obstruction due to intraabdominal adhesions did not manifest. At the final autopsy, adhesions between the omentum majus and the surgical mesh were found in all the rats. No other mesh-related intestinal complications were found. Microscopic analysis with hematoxylin and eosin (H&E) staining showed a normal moderate foreign body reaction around the PVDF fibers without any specific differences due to the presence of ferro particles.
MR imaging of mesh in vivo Via MRI, it was possible to identify the implanted device in all 27 rats in situ. The mesh was delineated as a thin smooth foil abdominal replacement beside the rectus muscle. Details such as the pores of the mesh and the fiber ends sometimes were visible by MR images, but not in all cases. The mesh usually was depicted as a black structure due to its lack of water signals. Correspondingly, the implanted mesh showed a clear contrast to the surrounding muscles (Fig. 5A ) and fat tissue (Fig. 5B) , whereas it was difficult to separate it from gas of the bowels (Fig. 5C) . The mesh position of all the prostheses was meticulously feasible and always found in the place where it had been implanted and where it was found subsequently during excision. Regardless of the alignment in the abdomen, measurements could be performed easily in sagittal, transverse, and coronal image analysis (Fig. 5A-D) . No important artifacts presented that impaired the image analysis significantly.
Shrinkage of the mesh
Over time, the size of the mesh measured ex vivo after dissection of all surrounding tissues decreases compared with the full-scale mesh sizes defined before implantation. The major change in mesh shrinkage occurred already between days 7 and 14, as shown in Tables 1, 2 , and 3. Eventually, after 21 days, the length showed a mean reduction of 22.7% (range, 13.2-30.6%; p \ 0.0009) and the width a reduction of 9% (range, 6.1-10.8%; p \ 0.0009). The mean loss in area after 21 days was 29.7% (range, 18.5-38.0%; p \ 0.0009) (Tables 1, 2, 3 ), as illustrated in Fig. 5D compared with Fig. 5C , which shows a mesh area shrinkage of 23%.
Similarly, the shrinkage of length and width measured by MRI in vivo occurred between days 7 and 14, as shown in Tables 1, 2 , and 3. Compared with full-scale mesh, the length showed a mean shrinkage in vivo of 15.8% (range, 7.4-32.8%; p \ 0.003) after 21 days, and the width showed a shrinkage of 8.7% (range, 5.2-14%; p \ 0.002). The mean loss of area in vivo after 21 days of observation time was 23% (range, 12-29%; p \ 0,001).
In vivo and in vitro, the major reduction in mesh area was demonstrated between days 7 and 14, whereas after 21 days, it already seemed to narrow to a plateau.
At all time points, MRI and postmortem measurements differed significantly, as verified with a Wilcoxon matchedpairs, signed-rank test with a p value less than 0.005. This difference was based on 8% additional mean shrinkage of tissue postmortem compared with in vivo measurements. This method-specific divergence can be compensated by increasing the mesh area of the explanted meshes by an average of 8%, which leads to a close correlation between MRI and explantation measurements, with a correlation coefficient of r equal to 0.9920.
Discussion
Surgical hernia repair is the operation most frequently performed in surgery worldwide [18, 19] . Thereby, alloplastic materials are implanted routinely [20] . Due to the rising popularity of mesh materials, an increasing number of studies have reported some long-term consequences [5, [21] [22] [23] . One major concern is that the possible shrinkage of these textile structures favors recurrences of hernia and pain [5] . A large number of experimental studies have addressed this important issue [24, 25] . However, the lack of direct mesh surveillance in vivo hinders consistent results for the complex process of shrinkage. Consequently, reliable clinical conclusions are MRI, magnetic resonance imaging; Expl, explantation almost impossible [7] . A noninvasive diagnostic method for visualizing the mesh size in vivo thus is desirable [16] . Parra et al. [8] already had described ultrasound as an effective, noninvasive, simple diagnostic method for indentifying and mapping abdominal complaints after mesh implantation. However, due to the small size of mesh filaments and their isoecogenity to the surrounding tissue, scanning of a thin prosthetic mesh material becomes very challenging. Thus, in vivo measurements of mesh shrinkage by ultrasound cannot be assessed precisely. Only computed tomography (CT) delineated expanded polytetrafluoroethylene (ePTFE) meshes precisely as a hyperdense line, probably because of their composition and thickness, but it failed to delineate other materials [8] . Because it entails considerable radiation exposure, CT is not appropriate as a routine procedure for every patient or for followup studies. Furthermore, for patients in whom one of the two main axes of implanted mesh was not parallel to the craniocaudal axis of the patient's body, the mesh area could not be defined exactly [5, 6] .
The use of MRI was focused on noninvasive identification of incisional hernia repair and implanted synthetic meshes as well as on evaluation of postsurgical complications, particularly adhesions, and also of the mesh itself [14, 16] . Follow-up studies published initial results, which again showed only the implanted ePTFE mesh visible in MR images, allowing an accurate assessment of the mesh and its fixation [5, 12, 16] . In contrast to the film-like ePTFE, the modern porous meshes did not provide sufficient contrast for either CT or MRI.
To our knowledge, the current study is the first attempt at direct visualization of net-like porous textile structures. It is known that SPIOs enhance contrast in MRI, and thus are added to the spinning of the fibers for the mesh [17, 26, 27] . Polyvinylidenefluoride (PVDF) as a base material of the mesh can be considered as widely inert and largely resistant to bacterial infections, with proven long-term stability [28] . However, it does not show any contrast in its pure form with either CT or MRI.
In this study, PVDF induced a slight inflammatory reaction with only small amounts of fibrotic tissue and was usable even within the abdominal cavity in contact with bowels. Whereas the area of the film-like ePTFE in some studies is reduced to less than to 50% due to wound contraction of the fibrotic capsule, it is significantly decreased to less than 30% if large-pore flat meshes are used instead [3, 29, 30] .
The mesh constructed for this experiment had a structure with some elasticity mainly in a vertical direction (right angled to the course of the fibers), whereas due to the manufacturing process, the stretchability and shortening in a horizontal direction was limited (FEG Textiltechnik Forschung-und Entwicklungsgesellschaft mbH, Aachen, Germany). This anisotropic elasticity is reflected by the measurements of shrinkage, which is greater for the length and significantly less for the width. This finding is consistent in MRI and ex situ measurements, which both confirm that the extent of shrinkage is strongly affected by the textile structure of the implant.
Unfortunately, although this anisotropy of the surgical meshes is apparent for most of the devices, it rarely is considered in examination of shrinkage. Further studies must show which mesh properties prevent the best shrinkage and simultaneously provide elasticity.
Embedding SPIOs in PVDF-based mesh allows both optimal localization of implanted surgical mesh and inspection of tissue in the direct vicinity of these implants. The excellent resolution of the MRI allows even depiction of the contrast-enhanced pores between the filaments supplemented with SPIOs [17] .
Phantom measurements of PVDF meshes loaded with SPIOs showed a 6% overestimation by MR imaging in contrast to the original sizes of this mesh, as illustrated by Fig. 1 versus Fig. 3 . This indicates a maximum overestimation of 2 mm by MRI, which remains constant even if much larger meshes are used. This MRI-specific inaccuracy is irrelevant in clinical application because 2 mm is negligible concerning conventional mesh sizes. In contrast, dissection of the mesh from all surrounding tissue leads to further reduction of the mesh size ex situ, falsely overrating shrinkage by almost 8%. This fact is well known for all distance measurements in excised tissue (e.g., distance of the tumor's bowel resection leads to an overestimation of shrinkage) [31, 32] . It is in line with studies that published shortening of sarcomer length by rigor mortis of about 11% within 3 h postmortem [33] . Nevertheless, comparison of ex situ measurements with the MRI measurements showed high correlation at all times of investigation.
A possibility of visualizing the correct placement of a mesh device with sufficient contrast to surrounding tissue such as seroma, hematoma, bowels, or other organs should help to avoid unnecessary revision operations. The current study showed that the use of SPIOs in mesh fibers allows differentiation even between surgical mesh and bowel. Thus, these meshes can be helpful, particularly for areas in which the identification of meshes is not as clear as in the abdominal wall (e.g., in the hiatus or the pelvic floor, both of which have a high risk of mesh migration).
A limitation of our study was the small dimension of the applied mesh in rats with considerable influence of the surgical technique. Furthermore, the MRI sequences were optimized for small laboratory animals and must be adapted to larger animals and humans. The short observation period reaching only 3 weeks may be too short for the long-term extent of shrinkage to be evaluated.
Conclusion
Loading of surgical meshes with SPIOs allows their precise visualization with MRI and guarantees an accurate in vivo assessment of their shrinkage. Our observation clearly indicates that shrinkage in vivo is remarkably less than shown by illustrated explantation measurements. Therefore, it is advisable to focus only on in vivo measurements for clinical conclusions. The findings show MR imaging of such meshes to be a reliable technique for checking the proper location of implanted meshes. This might help in assessing mesh-related complications more precisely and may allow for more precise planning and evaluation of revision surgery. This new technique could be applied as a routine checkup without radiation exposure, increasing the quality of both the mesh and the procedure, and thus could prevent unnecessary surgical revision.
